Background: Upfront surgery is a valuable treatment option for oropharyngeal squamous cell carcinoma (OPSCC) and risk stratification is emerging for treatment de-escalation in human papillomavirus (HPV)-related OPSCC. Available prognostic models are either based on selected, mainly non-surgically treated cohorts. Therefore, we investigated unselected OPSCC treated with predominantly upfront surgery.
. Projections for HPV-related OPSCC expect to exceed the incidence of cervical cancer in the United States and Western Europe in the near future (Chaturvedi et al, 2011) .
HPV-related OPSCCs compose an independent tumour type with regard to cellular, biologic as well as clinical characteristics (Klussmann et al, 2001 (Klussmann et al, , 2003b Hayes, 2015; Vokes et al, 2015; Maxwell et al, 2016) . Retrospective and prospective studies show that patients suffering from HPV-related OPSCC have significantly better local-regional control but advanced N-stage compared to patients with HPV-negative OPSCC (Ritchie et al, 2003; Ang et al, 2010; Fakhry et al, 2014; Keane et al, 2015) . However, out of clinical studies OPSCC patients are still treated irrespective of the HPV status. In locally advanced disease, treatment strategies mainly consist of concurrent chemoradiotherapy or surgery followed by adjuvant radiation therapy, combined with chemotherapy according to risk factors (National Comprehensive Cancer Network; http://www.nccn.org). To date, no treatment modality has been identified as more effective, and no predictive factors guide treatment decisions. Therefore, treatment strategies are diverse and the choice between surgical and non-surgical approaches depends on regional preference to a large extend. However, due to favourable outcome after chemoradiotherapy in HPV-associated OPSCC and lack of evidence for the benefit of surgery in OPSCC, the management with ablative surgery has been questioned (Lybak et al, 2017) . On the other hand, late toxicity after definitive chemoradiotherapy of squamous cell carcinoma of the head and neck patients has come into the focus. Therefore, several prospective randomised trials are conducted, to investigate whether treatment de-escalation can be achieved without impairment of disease control for low-risk patients with OPSCC (Mirghani et al, 2015) .
Several risk stratification models for OPSCC have been published, but they are based on clinical studies with highly selected patients, or have been generated from cohorts with primary chemoradiotherapy as the preferred treatment regime (Ang et al, 2010; Granata et al, 2012; Rietbergen et al, 2013 , Rios Velazquez et al, 2014 . Therefore, these proposed risk models may be unsuited for patient cohorts treated with upfront surgery, which still is the standard treatment strategy in many countries. The aim of this study was to test whether the published models are suitable for risk stratification in an unselected cohort treated with upfront surgery and further, to propose a modified prognostic model for this group of patients developed by recursive partitioning analysis (RPA).
MATERIALS AND METHODS
Subjects and material. All patients diagnosed with primary cancers of the oropharynx (C09, C10, International Classification of Diseases for Oncology) treated at the Department of Oto-Rhino-Laryngology, Head and Neck Surgery of the University of Giessen, Germany between 2000 and 2009 (n ¼ 396) were included in accordance to the regional ethics committee. Exclusion criteria for the study were the absence of written informed consent and unavailable formalin-fixed, paraffin-embedded (FFPE) samples of pre-therapeutic tumour tissue. Patients were prospectively recorded by the Giessen cancer registry database (GTDS). Survival data for all patients were obtained by patient's files and residents registration office on a regular basis.
Therapy and risk factors. Tumours were classified by pathological stages (pTNM) or clinical stages (cTNM) when a surgical resection was not performed, both according to the International Union Against Cancer (UICC) TNM classification (Sobin et al, 2002) . Histological grading was performed following the WHO criteria for squamous cell carcinomas of the oral mucosa (Pindbord et al, 1997) . Patient's charts were reviewed for tumour characteristics, risk factors and therapy. For dichotomisation following categories were formed: smoker and non-smoker if having a history of 410 or p10 pack-year during the last 16 years; alcohol consumption and no alcohol consumption if having 42 or p2 standard drinks on every day; moderate or severe comorbidity graded by the Eastern Cooperative Oncology Group (ECOG) 0-1 vs 2-4; and age classified as young (o60 years) vs old (X60 years).
Treatment was defined as the first course of OPSCC-specific treatment of primary tumour and regional lymph nodes. OPSCC stages I and II were treated with radiotherapy or surgery alone upon patient's decision. Advanced cases (stage III-IVa) were allocated to surgery followed by adjuvant radiotherapy or concurrent chemoradiotherapy upon patient's decision. Patients with unresectable disease (stage IVb) were treated with chemoradiotherapy or radiotherapy alone. Patients ineligible for curative therapy (severe comorbidity or rejection of therapy within 6 weeks from date of diagnosis, n ¼ 21), or with insufficient treatment documentation (n ¼ 16) were not included in this study.
HPV diagnostics and p16 INK4a immunohistochemical staining. Positive HPV status was defined by concomitant positivity for high-risk HPV-DNA detection together with strong, diffuse p16 INK4a expression in both nucleus and cytoplasm of at least 70% of tumour cells, as this is considered to indicate truly HPVtransformed lesions (Klussmann et al, 2003a; Reuschenbach et al, 2013; Prigge et al, 2015 Prigge et al, , 2016 . Briefly, DNA extracted from 10 mm FFPE tissue sections using the DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany), corresponding to B10 Â 10 mm tumour tissue, was analysed for HPV genotypes (16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68, 73 and 82) by PCR followed by bead-based hybridisation (Luminex Technology, Multimetrix, Progen, Heidelberg, Germany) (Schmitt et al, 2006; Prigge et al, 2015) . p16 INK4a expression was assessed on 2-3 mm FFPE tissue sections using the CINtec Histology kit according to the manufacturer's instructions (Roche mtm Laboratories, Mannheim, Germany).
Statistical analysis. Statistical analysis were performed using SPSS statistical software (IBM SPSS 23.0, Chicago, IL, USA). Risk models were generated with RPA by using the function ctree (conditional inference trees) of the R (Version 3.2.3) package partykit, Version 1.0-5 (Hothorn, 2015) . The stop criterion was set to multiplicityadjusted P-values (testtype ¼ 'Bonferroni'). Therapy strategies were categorised into surgical treatments (surgery with or without adjuvant radiation/chemoradiation) and non-surgical treatments (definitive radiation/chemoradiation). Overall survival (OS, calculated from date of histological diagnosis by routine biopsy to date of death) was used to generate survival curves by the Kaplan-Meier method. Follow-up time of event-free patients was not censored. Survival curves were compared using the log-rank test and prognostic impact of the different covariates with hazard ratios (HRs) and 95% confidence interval for OS was tested by a univariate Cox regression model.
RESULTS
Patient characteristics. The detailed characteristics of n ¼ 359 patients included in this study are shown in Supplementary  Table 1 . Briefly, a positive HPV status was determined for 20.6% of tumour samples with HPV-type 16 DNA detected in 95.9%. One sample (1.4%) each contained HPV-DNA type 26, 18 and 33, respectively. The median age of patients with HPV-related OPSCC was 59.3, and 58.9 years for patients with HPV-negative OPSCC. The TNM classification according to the UICC (Sobin et al, 2002) results in 39 (10.9%) patients with stage I, 33 (9.2%) with stage II and 54 (15.0%) with stage III, which we summarised in the group of less-advanced disease (stage I-III). The majority of patients (232; 64.6%) belongs to the group of advanced disease (stage IVa-c) with 161 (44.8%) patients with stage IVa, 46 (12.8%) with stage IVb and 25 (7.0%) with stage IVc.
Univariate analysis of patient characteristics and risk factors as prognostic factors for OS. Except gender, all patient characteristics and risk factors analysed and listed in Supplementary Table 1 had significant impact on OS in univariate analysis by Kaplan-Meier analysis and with Cox regression (Table 1) . Patients with younger age and less comorbidity (ECOG) had better survival than older patients or patients with appreciable comorbidity. The established risk factors for OPSCC smoking and alcohol had negative impact on survival, whereas HPV was associated with better survival. Advanced clinical stage (UICC) and higher T-, N-and M-stages were related with poor survival. Treatment including surgery was associated with better survival in the univariate analysis.
Risk stratification of unselected OPSCC patients according to
Ang's prognostic model. We applied the prognostic model proposed by Ang et al (2010) for risk stratification of our unselected patient cohort with OPSCC. All prognostic factors in our data set matched to the classification used by Ang et al with the exception that we included T1 in the group of small tumours together with T2-T3 tumours. The OS of the low-risk group significantly differs from OS of the intermediate-and high-risk groups (Figure 1 , P ¼ 0.038 and Po0.001). Difference in OS is not significant between intermediate-and high-risk group patients. This is also the case after dividing our unselected cohort for surgical and non-surgical treatment (Figure 1 ). In the non-surgically treated cohort, OS is not significantly different between patients with predicted low, intermediate and high risk.
In the cohort with surgical treatment, OS of low-risk patients is significantly better compared to the groups with intermediate and high risk (Figure 1 , P ¼ 0.036 and Po0.001), but not between groups with predicted high and intermediate risk. Multivariate analysis of patient characteristics and risk factors by recursive partitioning. We performed recursive partitioning of our data to build a multivariate risk model for unselected OPSCC. Predictors with significant impact on survival in the univariate analysis were included except UICC stage, alcohol consumption and kind of treatment for following reasons: UICC stage is a composite variable and inclusion would 'double' the influence in the model. The kind of treatment is no independent variable and highly depends on tumour and patient characteristics and patient's decision. In contrast to smoking, fluctuating consumption and different types of drinks (alcohol content and volume) impedes the reliable estimation of the alcohol consumption by questionnaire according to our experience. The conditional interference tree suggests HPV status to be the most important predictor, followed by comorbidity (ECOG) in patients with HPV-negative, and T-stage in patients with HPVpositive OPSCC (Figure 2A ). The group with HPV-negative OPSCC can be further stratified by N-stage and age. Survival plots as end-'Node' of the conditional interference tree are displayed for each risk group. In total six groups with differential survival are formed and arranged in three clusters in Kaplan-Meier survival analysis ( Figure 2B ). Groups of nodes 7 and 8 represent patients with worst prognosis and cluster together. No significant difference in OS is present between groups of node 4, 6 and 11, and they were combined in the intermediate-risk group (Figure 2C) . The resulting survival curves of low-, intermediate-and high-risk patients are significantly different among each other (Po0.001).
On the basis of this finding we rearranged the model shown in Figures 2A and included (Figure 3 ).
Multivariate analysis of patient characteristics and risk factors by recursive partitioning in differentially treated patients. We separated our cohort into patients treated with primary surgical intervention (203; 56.5%) vs non-surgical treatment strategy (156; 43.5%). The same predictors as for the entire cohort were included in the models (Table 2) . For both treatment cohorts HPV status remained a significant predictor in the recursive partitioning, whereas ECOG remained significant only for the surgical treatment cohort ( Figure 4A and B) . High-risk subgroups with significantly different survival compared to the intermediate-risk group are defined by both models (Figure 4C : surgical treatment, Po0.001; Figure 4D : non-surgical treatment, P ¼ 0.012). The lowrisk group was well separated from the intermediate-risk group in the surgical treatment cohort (Po0.001), whereas this separation in the non-surgical treatment cohort only reached 0.05 level of significance (P ¼ 0.044). Survival rates and HRs for the unselected cohort and stratified for treatment based on RPA models are summarised in Supplementary Table 2 .
DISCUSSION
Human papillomavirus is the first biomarker for OPSCC to predict outcome beside the classical tumour stages, and has been included in American Joint Committee on Cancer (AJCC) staging systems recently (AJCC, 2017) . For guiding therapy to reduce treatment-related morbidity without affecting efficacy, risk groups have to be defined, combining tumour stage, HPV and possible other prognosticators. Ang et al (2010) published the first model in this regard using RPA. It was developed from a study population comparing accelerated fractionation radiotherapy with standard fractionation radiotherapy combined with concurrent cisplatin therapy. HPV status, pack-years of tobacco smoking, tumour stage and nodal stage were most important and used to classify patients into risk groups with low, intermediate and high risk of death (Ang et al, 2010) . Inclusion criteria for this prospective study were stage III or IV OPSCC and Zubrod's (ECOG) performance status score 0-1. Therefore, patients were highly selected and/or study indicates that this model is unsuited for unselected, primary surgically treated patient (Figure 1) . We found HPV status, tobacco smoking, tumour and nodal stage, as well as age and performance status to be the most important factors for survival in univariate analysis, and except smoking all factors remained significant predictors in the multivariate RPA modelling. In a recent study, T-stage but not N-stage was associated with OS in HPV-positive OPSCC (Amini et al, 2016) , which is confirmed by our model. In the same study, AJCC stage was strongly associated with OS in HPV-negative patients but poorly associated with OS in HPVpositive OPSCC, supporting the need to adapt staging for HPV status (Amini et al, 2016) . In a recently published study, refinement of the AJCC/UICC staging was achieved for HPV-related OPCC (n ¼ 573) of non-surgically treated patients. T-and N-stage emerged as most important prognostic factors for HPV-related OPSCC (Huang et al, 2015) , which was subsequently validated with 8803 HPV-positive OPSCC and supports a risk-adapted staging schema for OPSCC (Horne et al, 2016) .
The model developed by Ang et al (2010) was tested in two retrospective series of stage III-IV OPSCC treated with either surgery followed by radiotherapy or chemoradiation with/ without induction chemotherapy (Bossi et al, 2014) . In the lowand intermediate-risk groups, better survival was observed for nonsurgical vs open-surgical approach. An important drawback of this study is that patients were treated with surgery between 1990 and 1999, whereas between 2004 and 2010 all patients with locally advanced OPSCC were treated non-surgically (Bossi et al, 2014) . The surgical group was not treated in line with nowadays standards including adjuvant chemotherapy for high-risk cases and surgical approaches have improved during last years. Therefore, comparing OS of patients in both cohorts might not be appropriate. In our unselected cohort, we observed better survival for patients treated with upfront surgery in the low-and intermediate-risk groups. However, in addition to unknown factors not covered by our model, this might be confounded by patient selection.
Noteworthy, smoking has no impact in the RPA models for our cohort, but is a major factor in the risk model predicted by Ang et al (2010) . In accordance to literature, smoking is less frequent in patients with HPV-associated OPSCC in the selected cohort used by Ang et al (2010) (51 vs 74%) , and also in our cohort (49 vs 91%, Po0.001). In our model, smoking might be cancelled due to the high rate of smokers in the HPV-negative group. Furthermore, smoking might influence radiosensitivity, for example, via reducing tumour oxygenation by a rise in carboxyhaemoglobin level in smokers and its prognostic impact could be less important after primary surgically treatment.
For two unselected cohorts testing risk models by RPA, most important factors were HPV status, nodal stage, comorbidity and T-stage (Rietbergen et al, 2013 (Rietbergen et al, , 2015 . However, in contrast to our study, treatment was primary chemoradiotherapy in 70% of the cases (503 out of 723 and 164 out of 235) in both cohorts. Compared to our study comorbidity substitutes T-stage as the only predictor in the HPV-positive arm, whereas T-stage appears at the bottom of the decision tree for HPV-negative OPSCC, which might constitute to the different treatment regimens. In relation to ACE27 the ECOG comorbidity classification system is less complex. In the abovementioned model, the ACE27 score probably cover the influence of age on comorbidity and might explain appearance of age at the bottom of the HPV-negative arm in our model. In another study, patients treated with definitive radiotherapy or chemoradiation were investigated using Cox proportional hazard regression. HPV status was the most important predictor followed by pre-radiotherapy haemoglobin level, T-stage, gender, N-stage, comorbidity and smoking in descending order (Rios Velazquez et al, 2014) . For most factors, this ranking fits to our model, although the study populations differ in treatment. Furthermore, we found HPV-positive OPSCC to be associated with low T-stage (T1-2: 68 vs 47%, P ¼ 0.001) and advanced N-stage (4N0: 86 vs 69%, P ¼ 0.003), in consistence to literature (Keane et al, 2015) . This was not the case in the mentioned study (Rios Velazquez et al, 2014) and might explain potential impact of other factors in this model, besides differences in treatment.
Only HPV status and ECOG remained significant predictors in our RPA after stratification for surgical vs non-surgical treatment. Treatment decision, which is either surgical or non-surgical in Germany and many other European countries, is based on tumour characteristics and comorbidity (indicated by differential distribution of these factors in both treatment groups (Table 2) ). Therefore, these predictors might not appear in the RPA modelling in each subcohort. In contrast, no significant difference is seen regarding risk factors with high impact on OS, such as HPV and smoking (Table 2) , which are unconsidered for treatment decision today. Although treatment was independent from the proposed risk groups, patients with beneficial OS were selected in all-risk groups by the surgical approach compared to non-surgical treatment, indicating an advantage of upfront surgery for certain patients (Figure 3 ). This is supported by recent data showing that surgical resection is an effective therapy for early and intermediate OPSCC (Kass et al, 2016) . In HPV-related OPSCC, trends are heading towards treatment de-escalation. Nevertheless, patient characteristics such as age and comorbidity should be considered in models destined for adjustment of treatment as they influence OS regardless of the tumour and its treatment.
In summary, besides ECOG, HPV status is the major predictor in our RPA modelling for differentially treated patient cohorts and has significant impact on survival in surgically and non-surgically treated patients. This shows that risk modelling for OPSCC has to be adapted for the respective treatment regimens in the context of de-escalation studies. 
